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ABSTRACT 
Preoxygenation, breathing 100% oxygen prior to 
decompression, has been used for well over half of this 
centuiy to reduce decompression sickness (DCS) 
incidence. Duration of preoxygenation has been reported 
to be inversely related to subsequent DCS incidence. A 
direct comparison of DCS incidence at 30,000 ft versus 
preoxygenation time is needed to allow better-informed 
decisions regarding the cost vs. benefit of increasing 
preoxygenation time to prevent DCS. To obtain such a 
comparison, we accomplished a retrospective study of 
exposures to 30,000 ft (226 mm Hg; 4.37 psia) while 
performing mild exercise. The 86 male exposures were 
preceeded by preoxygenation times of one to four hours. 
Venous gas emboli (VGE) and DCS symptom 
development were monitored and recorded. Although 
more protection was demonstrated with increasing 
preoxygenation time, the cost-to-benefit ratio also 
increases with each additional increment of 
preoxygenation time. The diminishing return of 
increasing preoxygenation to reduce DCS would 
eventually impact mission plaiming and crew duty 
limitations. Alteration    in    the    physiology    of 
denitrogenation, such as inclusion of exercise during 
preoxygenation, may provide better and more cost- 
efifective DCS protection than" simply increasing 
preoxygenation time. 

INTRODUCTION 
The risk of DCS is related to the supersaturation of 
tissues with nitrogen as the body is deccxnpressed from 
a ground-Aldiough the solubility coefficient of nitrogen 
is about half that of oxygen, tissue metabolism utilizes 
inspired oxygen, reducing the oxygen concentration to a 
level which is not a determining fector in development 
of tissue gas emboli during decompression.   However, 

reducing the tissue nitrogen concentration at ground level 
reduces risk of DCS because it reduces the level of 
supersaturation during decompression. If 100% oxygen is 
breathed ground level (preoxygenation or prebreatfiing), 
tissue nitrogen diffuses into the nitrogen-free blood and is 
carried to the lungs for expiration, following a diffusion 
gradient from the blood to the alveolar spaces. Lowering 
tissue nitrogen content in advance reduces the leveLof 
supersaturation during decompression and thus provides 
protection from DCS. 

The value of preoxygenation for altitude DCS protection 
was described by Behnke (1), who reported that 95% of 
body nitrogen was removed in four hours and 98% in six 
hours. The relationship between preoxygenation time and 
subsequent DCS incidence was described by Ferris et al. 
(3) and Grey (4). As shown in Figure 1, their findings 
indicate a non-linear relationship between preoxygenation 
time and symptom incidence. 
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Figure 1. DCS incidence versus duration of 
preoxygenation. WWII data. 

Although both data sets are based on "forced descents" 
(intolerable bends or chokes) of subjects exposed to 35- 
38,000 ft for 2-3 hours, the large diffa-ence in observed 
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incidence of DCS requires explanation. These data sets are 
different because the one by Ferris et al. (3) resulted from 
exposures of exercising subjects versus the data from from 
Gray (4) which resuhed from resting subjects. These 
results are not compared with present day results because 
the endpoint DCS symptom criteria were very different 
During WWII, much more severe symptoms were allowed 
to develop prior to recompression. 

Figure 2 shows the results of Waligora et al. (7) with sbc- 
hour exposures to 30,000 ft following 3.5-8 hours of 
preoxygenation (N varied from 8 to 38). The linear 
regression line shows a high correlation. Although the 
Waligora paper did not suggest relevance of their data to 
preoxygenation times less than 3.5 hours, extrapolation of 
the linear regression line suggests a level of 35% DCS 
with one hour of preoxygenation. 
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Figure 2. DCS incidence versus duration of 
preoxygenation. Waligora et al. (7) data; Confidence 
Interval < 17% 

If we can improve our understanding of the process of 
denitrogenation by preoxygenation as it relates to DCS 
risk, we could more accurately define the cost/benefit 
ratio. With a better-defined cost/benefit ratio, we could 
more accurately answer the questions we are asked on a 
monthly basis regarding how much to increase 
preoxygenation to achieve a given level of DCS. 
Howerver, the well-defined exponential relationship 
between preoxygenation time and nitrogen washout does 
not equate directly to DCS protection. Although more 
preoxygenation has repeatedly been shown to provide 
better protection, the cost of additional time spent 
preoxygenating may not be repaid by a reduction in DCS 
incidence of perceived equal value. How much time is 
available and how much that time costs are as much 
factOTs in recommending preoxygenation time as is the 
acceptable incidence of DCS for a given mission scenario. 
The acceptable incidence of IXS must ultimately be 
determined by operational commanders in consult with 
flight medicine specialists. 

We have used 5% and 50% DCS (6) as levels of concern 
for operational activities.   During exposures which result 

in 5% EXTS, virtually no serious DCS is observed in the 
laboratory. Conversly, when 50% DCS is observed in 
the laboratory, serious symptoms appear with some 
degree of regularity. These levels, 5% and 50% can be 
used as bases for decisions involving cost/benefit ratios. 

METHODS, 
The data used in this study were aquired from three 
exposure profiles recorded in the AFRL Hypobaric DCS 
Database at Brooks AFB, TX. The profiles used were 
limited to those involving exposures to 30,000 ft for four 
hours while performing mild exercise as described in 
Webb et al. (8). The subject pool for the AFRL studies 
varied from 26 to 30 males. Microsoft Excel 97 linear 
regression and exponential trendlines were used to display 
relationships between values and to provide coefficients of 
determination (R^ where R= Correlation coefficient). 

RESULTS 
The data from Waligora's study (7) and the AFRL data 
are consistent within each study, but reveal differences 
which may be due to symptom classification and/or 
reporting. At AFRL, some symptoms were categorized 
as DCS which may not have been recorded as such under 
NASA protocols. 
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Figure 3. DCS incidence at 30,000 feet versus duration 
of preoxygenation. AFRL data; Confidence Interval < 
18% 

With 77% DCS after one hour and 47% DCS after four 
hours of preoxygenation, extrapolation of the exponential 
curve in Fig. 3 shows 25% DCS after eight hours of 
preoxygenation. This curve demonstrates that eadi 
additional hour of preoxygenation provides less additional 
protection. Indeed, analysis of the fiill AFRL database of 
more than 2000 exposures using a loglogistic model (5) 
indicates an exponential relationship exists between 
preoxygenation time and DCS incidence, similar to the 
plot in Fig, 3. Despite the diminishing returns of 
increasing preoxygenation time, it is notable that, with 
four hours of preoxygenation, virtually no serious 
symptoms were observed. 
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DISCUSSION 
The plot in Fig. 3 shows an expanded X-axis to 12 hours 
so that the probable true shape of the relationship 
becomes evident. As shown in Fig. 3, the non-linearity 
of EKZ;S incidence versus preoxygenation time does not 
become apparent until at least four hours of 
preoxygenation. Therefore, for practical usage, it is 
reasonable to assume a linear relationship over the range 
of preoxygenation times used during current USAF or 
NASA operations. 

However, the drop in DCS risk during that linear range 
((M h) is approximately 30%, i.e. 76% to 47%. Thus, 
even with four hours of preoxygenation, which is 
operationally unacceptable in most cases, ahnost half of 
the population will develop DCS. With more than four 
hours of preoxygenation, the benefit will become even 
less per additional hour of preoxygenation. For example, 
to get below 10% DCS would require well over 12 hours 
of preoxygenation. 

Current USAF high altitude reconnaissance operations (U- 
2 flights) use a one-hour preoxygenation (2). Responses 
to an anonymous survey of active/retired U-2 pilots 
indicated 70% of the pilots had experienced DCS at least 
once during their career. Our results indicate 77% 
incidence during analogous research chamber experiments 
(8). It is notable that many of the symptoms observed 
during our laboratory studies are very mild and may not 
be noticed by crewmembers. Also, our subjects are 
extensively briefed to tell us about any change in their 
well-being, whereas crewmembers are usually very 
reluctant to report symptoms which, particularly in the 
past, could result in cessation of their careers. 

Regardless of the reporting issue and mild vs. significant 
symptoms, the survey indicated a problem with the cme- 
hour preoxygenation. The use of more preoxygenation 
has limited value and potential alternatives are worth 
pursuing. One method to improve preoxygenation 
effectiveness has been successfully tested both in the 
laboratory and during limited operational test and 
evaluation. This method (8) involves use of exercise to 
increase perfiision, ventilation, and diffusion during 
preoxygenation. 

CONCLUSIONS 
DCS incidence versus preoxygenation times of less than 
four hours yield linear regression and exponential plots 
which are nearly superimposed. Divergence of the plots 
does not become evident until preoxygenation time 
exceeds four hours. The slow washout of nitrogen fixjm 
tissues like bone and tendons is reflected in the sh^)e of 
the incidence versus time curves which are somewhat 
analogous to a half-life plot. The slow washout causes a 
diminishing return when merely increasing 
preoxygenation time to increase protection from DCS and 

explains why some DCS has still been observed at 
30,000 ft after six hours of preoxygenation. 

Based on the information presented, increasing 
preoxygenation time beyond approximately one hour for 
exposures to 30,000 ft would increase the cost/benefit 
ratio of DCS protection. However, there may be an 
ahemative. Improved nitrogen washout otg can be 
achieved with exercise-enhanced preoxygenation. A 10- 
min period of strenuous exercise at the beginning of a 
one-hour preoxygenation does not involve an increase in 
fatigue and significantly reduces DCS incidence to the 
equivalent of a four-hour resting preoxygenation (9). 
Indeed, this procedure has been incorporated into current 
NASA research testing and evaluation aimed at more 
efficient extravehicular activity for building the 
International Space Station and into current USAF 
operational testing and evaluation aimed at better 
protection during high altitude reconnaissance flights. 
The advantage of using less time to prepare or using the 
same time to better prepare for a mission involving 
decompression to 30,000 ft is in better utilization of the 
available crew duty period. Potential future applications 
may include more effective preoxygenation procedures for 
airdrop operations. 
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